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Abstract We show that no cubic graphs of order 26 have crossing number larger than 9, which
proves a conjecture of Ed Pegg Jr and Geoffrey Exoo that the smallest cubic graphs with cross-
ing number 11 have 28 vertices. This result is achieved by first eliminating all girth 3 graphs
from consideration, and then using the recently developed QuickCross heuristic to find good
embeddings of each remaining graph. In the cases where the embedding found has 10 or more
crossings, the heuristic is re-run with a different settings of parameters until an embedding with
fewer than 10 crossings is found. We provide a minimal example of a cubic graph on 28 vertices
with crossing number 10, and also exhibit for the first time a cubic graph on 30 vertices with
crossing number 12, which we conjecture is minimal.
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1 Introduction
In this manuscript we restrict our consideration to simple, undirected, connected graphs. Consider
such a graph G = 〈V,E〉 where V is the set of vertices, and E : V → V is the set of edges. A
graph drawing is a mapping of the vertices and edges to the plane. A graph is said to be planar
if it is possible to produce a graph drawing for that graph such that edges only intersect at
vertices. Henceforth, we will take crossings to describe only those edge intersections that occur
away from vertices, and only permit two edges to cross in one place (so if three edges cross
simultaneously, it is viewed as three individual crossings). Unquestionably, the seminal result in
planarity is Kuratowski’s theorem, which states that a graph is planar if and only if it contains
no subdivisions of K5 or K3,3 [11].
If a graph is non-planar, then one may ask how close it is to being planar. One such measure
is the crossing number. For any given drawing of a non-planar graph, there will be a positive
number of crossings. Then the crossing number is the minimum number of crossings over all
valid drawings of that graph. The crossing number of graph G is denoted cr(G). For example,
the Petersen graph [7] is shown in Figure 1 in two orientations. The first, standard, drawing has
five crossings. However, the second drawing has only two, which is known to be the minimum
possible for that graph.
Fig. 1 The Petersen graph drawn with 5 crossings and a crossing minimal drawing with 2 crossings.
The problem of finding the crossing number of a given graph is called the crossing number
problem. It is NP-hard in general [5], but the problem is known to be fixed-parameter tractable
[10]. For more information on this topic, we refer the interested reader to the excellent recent
book by Schaefer [17] which details many aspects of the crossing number problem. There are also
a number of useful surveys on this topic [3,8,16,19,22].
A question that may be asked is how many vertices are required for a graph to have a requested
crossing number. If we restrict our consideration to cubic graphs (for which the crossing number
problem is still NP-hard [6]), some results are known. In Table 1 we list, for k = 1, . . . , 8, the
smallest order for which a cubic graph with crossing number k exists, an example of one such
cubic graph of that size, and the number of minimal examples; these are taken from Pegg Jr and
Exoo [14]. It should be noted that in [14], it was claimed that there are five minimal examples
of cubic graphs with crossing number 8, however it has been subsequently determined during
private communication between Pegg Jr and Eric Weisstein that two of them (labelled in [14] as
CNG 8D and CNG 8E) were erroneously listed, and the correct number is three.
It is also worth noting at this point that the crossing numbers provided for many of the graphs
listed in Table 1, although widely accepted as accurate and listed as such in numerous sources,
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k Min n Example # of minimal examples
0 4 K4 1
1 6 K3,3 1
2 10 Petersen graph 2
3 14 Heawood graph 8
4 16 Mo¨bius-Kantor graph 2
5 18 Pappus graph 2
6 20 Desargues graph 3
7 22 Four (unnamed) graphs 4
8 24 McGee graph 3
Table 1 The minimum order of cubic graph for crossing number k, a famous example of each, and the number
of minimal examples. For 7 crossings, none of the four minimal examples are famous graphs. All of the minimal
examples are displayed in Pegg Jr and Exoo [14].
have not been formally established in literature. We remedy that here, by using the excellent
exact crossing minimisation solver of Chimani and Wiedera [1] to confirm that all of the minimal
examples (not just the named ones) listed in Pegg Jr and Exoo [14] have their crossing numbers
correctly listed, other than CNG 8D and CNG 8E as previously noted.
Results on minimal cubic graphs with crossing number larger than 8 have, to date, only been
conjectured. It has been widely accepted that the Coxeter graph [4] on 28 vertices has crossing
number 11, and the Levi graph [12] (also known as the Tutte-Coxeter graph) on 30 vertices has
crossing number 13, although again these results have not been formally established in literature.
We again remedy this oversight here by reporting that the exact solver [1] confirms that these
crossing numbers are accurate. Then, an open question posed by Pegg Jr and Exoo [14] is
whether any cubic graphs of order 26 have crossing number 11. More precisely, they conjectured
the following.
Conjecture 1 (Pegg Jr and Exoo [14]) Define a(k) to be the order of the smallest cubic graph
with crossing number k. Then,
(i) a(9) = a(10) = 26.
(ii) a(11) = 28.
(iii) a(13) = 30.
Note that Pegg Jr and Exoo [14] made no conjecture about the minimal size of cubic graphs
with crossing number 12. In what follows, we answer Conjecture 1(ii) in the affirmative, and so
prove that the Coxeter graph is a minimal example of a cubic graph with crossing number 11.
However, we also answer Conjecture 1(i) in the negative, by showing that there are no cubic
graphs on 26 vertices with crossing number 10. Finally, we exhibit a cubic graph on 30 vertices
with crossing number 12, and conjecture that it is a minimal example of such a graph.
2 Proving that Conjecture 1(ii) is true
We first seek to show that there are no cubic graphs on 26 vertices with crossing number 11.
There are 2,094,480,864 cubic graphs on 26 vertices, up to isomorphism [13], that need to be
considered. However, with the following simple argument, we can eliminate roughly 80% of these.
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Proposition 1 No cubic graphs on 26 vertices with girth 3 have crossing number larger than 8.
Proof. Consider any cubic graph G with girth 3. Then G contains at least one triangle. Consider
the three vertices in one such triangle. There are only three possibilities. Either none of the
vertices are involved in a second triangle, two of vertices are, or all three are. These three cases
are illustrated in Figure 2. In the third case the graph must be K4, which is planar. If none of
the vertices are involved in a second triangle, it is clear that the triangle could be contracted to
a single vertex without altering the crossing number, and what results is a smaller cubic graph
with the same crossing number. In [14] it was shown that no cubic graphs with fewer than 26
vertices have crossing number larger than 8, and hence the result follows immediately.
Fig. 2 Possible triangle structures in a cubic graph.
Then, the only remaining case is when two of the vertices are involved in a second triangle; we
will show that in this case, one may also obtain a smaller cubic graph with the same crossing
number, and hence the result from [14] applies in this case as well. Because the graph is cubic,
it is clear that the two triangles must form a diamond which can also be contracted to a single
vertex without altering the crossing number. What results is a sub-cubic graph with a single
vertex of degree 2. Denote this vertex v, and its two adjacent vertices a and b. Then if edge (a, b)
is not present in the graph, vertex v can be “smoothed” in the sense that it is removed, and
its two incident edges are merged into a single edge (a, b), and a smaller cubic graph with the
same crossing number results. If edge (a, b) is present, it is clear that the sub-cubic graph also
contains a triangle a− b− v − a which can be contracted to a degree 2 vertex. This process can
be repeated until a cubic graph results. ⊓⊔
Proposition 1 indicates that we need only to consider cubic graphs on 26 vertices with girth at
least 4. There are 432,757,568 such graphs up to isomorphism [13]. For each of these graphs, we
used the recently developed QuickCross heuristic [2], a fast algorithm that finds valid embeddings
which usually have an optimal or near-optimal number of crossings. For cubic graphs on 26
vertices, QuickCross can process several graphs per second, with the majority of that time used
on read/write operations. We partitioned the graphs into sets of 50,000, resulting in roughly
8,000 individual jobs, each of which took up to 3 days to run, and distributed the jobs to over
400 cores on a High Performance Computer.
After the initial run with the default settings, embeddings with fewer than 11 crossings were
obtained for 422,549,254 of the graphs, only leaving approximately ten million graphs to be con-
sidered more closely. By altering the parameters and random seed and re-running the remaining
graphs, this number was further reduced to under 500,000 graphs. We continued this process,
altering the parameters and random seeds until we were successful at obtaining an embedding
with fewer than 11 crossings for every graph.
Next, we performed an additional test to ensure there was no errors arising from potential
bugs with the QuickCross heuristic itself. For each graph, we took the embedding discovered
by QuickCross and used it to construct the corresponding planarised graph. We then used the
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planarity algorithm of Hopcroft and Tarjan [9] to confirm that the resulting graph was indeed
planar. In this way, we verified that the embeddings found for each of the graphs were valid.
Note that we could also have eliminated any triangle-free 1-connected graphs from consideration;
in the case of cubic graphs, these are all bridge graphs. It can be easily seen that for these graphs,
the bridge (or any bridge, if there is more than one) can be removed, and the crossing number of
the two remaining components can be computed and summed to give the crossing number of the
original graph. Each of the two remaining components has a degree 2 vertex which can be safely
removed, in the sense that its two incident edges are merged into a single edge. Since the original
graph had no triangles, what remains are two cubic graphs containing a and 24 − a vertices
respectively, for some even 4 ≤ a ≤ 20. From Table 1 it can be easily checked that triangle-free
1-connected cubic graphs of order 26 have crossing number no greater than 6. However, as we
also wanted to use this experiment to test the robustness of QuickCross, we chose to include
triangle-free 1-connected graphs in the experiment anyway.
The results of the experiment allow us to make the following claim.
Theorem 1 There are no cubic graphs on 26 vertices with crossing number 11.
It is trivial to see that Theorem 1 also implies there are no cubic graphs on fewer than 26 vertices
with crossing number 11. Since the Coxeter graph on 28 vertices is known to have crossing number
11, this immediately answers Conjecture 1(ii) in the affirmative.
3 Proving that Conjecture 1(i) is false
In [14] it is seemingly implied, although not actually stated, that an example given of the McGee
graph plus an edge (that is, the McGee graph where two particular edges are subdivided, and
their new vertices joined by an edge) has crossing number 10. Indeed, this has been widely
accepted as true, including being listed on the Online Encyclopedia of Integer Sequences [18].
However, in Figure 3 we provide two graph drawings of this graph. The first is a replica of the
graph drawing given in [14] which contains ten crossings, and the second is an alternative graph
drawing with nine crossings. Hence, it is clear that the crossing number for this graph is at most
nine. We have independently confirmed that the crossing number is indeed equal to nine for this
graph, through the use of the exact crossing minimisation solver of Chimani and Wiedera [1]
which is available at http://crossings.uos.de.
It should be noted that in [14], the authors exhaustively catalogued the crossing-maximal cubic
graphs with up to 24 vertices, and found none with crossing number 9. Hence, the McGee graph
plus an edge is a minimal example of such a graph, and we can conclude that a(9) = 26 as
predicted in Conjecture 1(i).
However, given that the McGee graph plus an edge is not an example of a cubic graph on 26
vertices with crossing number 10, we wondered if there were any other such examples. Obviously,
the 80% of graphs which were shown in Section 2 to have crossing number 8 or less do not provide
an example. Furthermore, although the experiment conducted in Section 2 was willing to accept
embeddings with precisely 10 crossings, in practice QuickCross returned embeddings with fewer
than 10 crossings for approximately 97% of the graphs, so these graphs also do not provide an
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Fig. 3 Two drawings of the McGee graph plus an edge. The first is the drawing displayed in [14] with ten
crossings, and the second is a drawing with nine crossings.
example. At the conclusion of the experiment in Section 2, we were left with 13,335,262 graphs
for which the graph drawing obtained by QuickCross had precisely ten crossings. Of course, this
is not to say that their crossing number is ten, just that the first example of a graph drawing
with fewer than eleven crossings that was found by QuickCross had ten crossings.
We resubmitted each of these graphs to QuickCross, this time demanding that it continue to try
different random seeds until a graph drawing with fewer than ten crossings was found. Having
faith in Conjecture 1(i), we assumed that we would find some graphs where this proved to be
impossible. However, after a few days, QuickCross was successful at doing so for all 13,335,262
graphs. We further confirmed these results using the same check as described in Section 2. The
results of this experiment allow us to make the following, somewhat surprising, claim.
Theorem 2 There are no cubic graphs on 26 vertices with crossing number 10.
Again, it is trivial to see that Theorem 2 also implies that are no cubic graphs on fewer than 26
vertices with crossing number 10, and hence we can conclude that a(10) > 26, which implies that
Conjecture 1(i) is false. The set of ordered edge crossings, corresponding to a valid embedding,
for each of the cubic graphs on 26 vertices with girth at least four is available upon request.
We now provide an instance of a cubic graph on 28 vertices which does have crossing number
10, drawn optimally in Figure 4.
To the best of the authors’ knowledge, the graph in Figure 4 is not a famous graph. We have
confirmed that the crossing number is 10 through the use of Chimani and Wiedera’s solver [1].
Hence, we can conclude that a(10) = 28.
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Fig. 4 An optimal drawing of a minimal example of a cubic graph with crossing number 10.
4 Cubic graphs with larger crossing numbers
When considering the famous examples listed in Table 1, one can make the following observation:
for each choice of k = 1, . . . , 8, there exists a minimal cubic graph with crossing number k that
is also girth-maximal for cubic graphs of that order. This is also the case for the McGee graph
plus an edge (k = 9), the graph in Figure 4 (k = 10), the Coxeter graph (k = 11) and the Levi
graph (k = 13). This observation leads us to propose the following conjecture.
Conjecture 2 Define c(n) to be the maximum crossing number among all cubic graphs of order n,
and g(n) to be the maximum girth among all cubic graphs of order n. Then, for each n = 4, 6, 8, . . .
there exists a cubic graph of order n which has girth g(n) and crossing number c(n).
For n = 8, the Wagner graph is an example, and for n = 12, the Twinplex graph [15] is
an example. These, along with the examples provided above, verify Conjecture 2 for all even
4 ≤ n ≤ 30.
We now turn our attention to cubic graphs with crossing number 12. As shown previously,
a(11) = 28 and 28 ≤ a(13) ≤ 30. It seems that a(12) is likely to be either 28 or 30, and given
the compelling evidence for Conjecture 2, it seems appropriate to search for an example of a
12-crossing cubic graph among the set of high-girth cubic graphs.
First, we considered 28-vertex cubic graphs. For cubic graphs of this order, the maximum girth
is 7, and there are 21 such graphs (including the Coxeter graph). We used QuickCross to search
for drawings with fewer than 12 crossings, and it was successful in doing so in all cases. Although
this does not prove definitively that no cubic graphs on 28 vertices have crossing number 12, it
does provide solid evidence given Conjecture 2.
We then turned our attention to 30-vertex cubic graphs. There is a single graph with girth 8 (the
Levi graph) which has crossing number 13, and then 545 graphs with girth 7. Again, we used
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QuickCross to search for drawings of these 545 graphs with fewer than 12 crossings, and it was
successful in doing so for 544 of the graphs. For the one remaining graph, we used [1] to confirm
that it does have crossing number 12. Although it does not appear to be a famous graph, it can
be viewed as the result of excising an edge from the Levi graph, and then inserting a new edge.
We display this graph in Figure 5, in one of its optimal embeddings.
Fig. 5 The cubic graph on 30 vertices with crossing number 12, drawn in one of its optimal embeddings.
Given the above discussion, we propose the following conjecture. If there is a counterexample to
Conjecture 3, it must have 28 vertices and girth 4, 5 or 6.
Conjecture 3 The graph shown in Figure 5 is a minimal example of a cubic graph with crossing
number 12.
Finally, we conclude this paper with Table 2, which contains a list of the smallest known cubic
graphs with crossing numbers 9 and above, reproduced from [21] where these findings were
recently summarised. The graph labelled GP (13, 5) is one of the generalized Petersen graphs
[20]. The edge-excised Coxeter and Levi graphs are displayed in [21].
k Min n known Examples
GP(13,5)
9 26 Edge-excised Coxeter Graph
Graph shown in Figure 3
10 28 Edge-excised Levi graph
Graph shown in Figure 4
11 28 Coxeter graph
12 30 Graph shown in Figure 5
13 30 Levi Graph
Table 2 The known smallest instances of cubic graphs with crossing numbers between 9 and 13. The examples
with 9, 10 and 11 crossings are known to be minimal, the other cases are only conjectured to be minimal.
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